T he elucidation of the precise biological mode of action of small molecules remains a considerable challenge in chemical biology and drug discovery. Information about the mechanism of novel small molecules greatly facilitates the use of such compounds as tools for the investigation of fundamental biological processes. As our understanding of targets and biochemical pathways grows at an ever-increasing rate, small molecule "tool" compounds may serve as a starting point for drug development efforts (1−3). Furthermore, at the dawn of the age of personalized medicine, knowledge of the target and availability of companion diagnostics will be critical in the development of novel therapies (4, 5) .
Traditional approaches using affinity "pull down" reagents have been successful in identifying the biological targets of multiple small molecules (6, 7) . While quantitative proteomic mass spectrometry techniques have significantly aided the distinguishing of low-abundance protein targets from high abundance nonspecific small moleculeϪprotein interactions (8) , there remain fundamental drawbacks associated with affinity-reagent-based target identification strategies. Such projects are typically labor-intensive, with no guarantee of success. For success in affinity pull down experiments, the compound must have considerable affinity for its target (and ideally bind to the target covalently), and modified versions of the compound (e.g., with biotin attached) that retain biological activity need to be synthesized. In addition, identification of certain types of targets (i.e., membrane-bound proteins) remains a challenge.
Another set of tools that has recently emerged to facilitate rapid mechanism-of-action studies are genomewide transcript profiling and RNAi screens. These meth-*Corresponding author, hergenro@illinois.edu.
ods can be successful regardless of compound affinity and are relatively easy to implement as they involve no synthetic overhead (no need for the construction of a probe reagent). Furthermore, even if the information returned does not immediately reveal the molecular target, the data set received is still highly informative. The focus of this Review is to highlight how these approaches have been used to (i) aid compound mechanism-of-action studies and (ii) enable the identification of compounds that may be relevant to particular diseases/physiological processes.
Global Transcript Profiling To Assist Target Identification. Whole-genome transcript profiling has emerged as a powerful tool to investigate the effects of small molecules on cells. While the list of altered transcripts may shed light on compound mechanism by analysis of the pathways affected, our understanding of pathways, how they interact with one another, and their consequences in various cell types is far from complete. Thus, it is typically not possible to identify the molecular target of a small molecule from a simple analysis of its transcript profile. However, pathwayindependent approaches have recently emerged, in which the transcript profile data of a compound of interest are compared to analogous data that have been collected on hundreds of compounds with known molecular targets. The Connectivity Map database, developed at the Broad Institute, is a publicly accessible database comprising gene expression data of cells treated with small molecules (9) . In most cases, the MCF-7 (breast cancer) cell line is used, but there are many instances from HL-60 (human leukemia), PC-3 (prostate cancer), and SK-MEL-5 (melanoma) cell lines (9, 10). The expression profiles were obtained by treating cells for 6 h with the small molecules (to maximize primary effects) at various doses. The first version (build 01) of the Connectivity Map database contained 164 molecules with 453 signatures, and the second version (build 02) contains 1309 small molecules with 6100 signatures. As the database contains data for compounds that have considerable mechanistic characterization (FDA approved drugs and nondrug bioactive "tool" compounds), matches to the query signature would suggest possible mechanisms of action and molecular targets (9, 10) .
It should be emphasized that this is a pattern matching approach to target identification, with the pattern of up/downregulated transcripts of paramount importance, where (for Connectivity Map purposes) the identity of the transcripts is not taken into consideration. This process is outlined in Figure 1 . Users obtain transcript profile data with their compound of interest in cells with a 6 h treatment time. A "query signature" of upand downregulated genes is generated by the user, input into the Connectivity Map database, and scored on the basis of how well compounds in the database match the input query. A score of 1 represents a perfect match, 0 represent a null match, and Ϫ1 indicates perfect anticorrelation to the input signature. The number of genes and the methods for selecting the genes (e.g., based on p value or fold change) for constructing the query signature are at the user's discretion. Although (as mentioned) several cell lines are represented in the Connectivity Map database, for the purposes of mechanism identification, the use of MCF-7 may be advantageous (provided the compound elicits the desired phenotype) as the profiles in the Connectivity Map are predominantly obtained in this cell line. Other pattern matching techniques have been utilized in an attempt to group small molecules according to their mode of action (11, 12) . Perhaps the most wellknown method is the COMPARE analysis, in which the pattern of toxicity of compounds to the NCI 60 cell line panel is compared (11, 13) . Compounds that have similar patterns of toxicity are highly correlated in the COM-PARE algorithm; such a result suggests the compounds have a similar mechanism of action, and indeed COM-PARE has been successfully used in target identification studies (14, 15) . In practice, however, the nature of the cytotoxicity screens is that there is a significant amount of variability, even among replicate evaluations of the same compound. Thus, the correlations returned from COMPARE are usually not high and may therefore limit the utility of this method.
The Connectivity Map database has been utilized in mode-of-action studies of several small molecules. Connectivity Map experiments with six compounds (shown in Figure 2 ) are described below. These examples have been selected as they correspond to situations that many chemical biologists find themselves in, namely, through high-throughput screening a compound has been identified that elicits an interesting cellular phenotype, but the precise mode of action and cellular target is unknown. If the transcriptional profile induced by the compound of interest matches compounds in the Connectivity Map, then downstream biological experiments to confirm the mechanism are typically straightforward.
Epoxy Anthraquinone. The gene expression signature of an epoxy anthraquinone (EAD, Figure 2 ) in neuroblastoma SK-N-As cells had topoisomerase I/II inhibitors and DNA intercalators as 7 of the top 10 Connectivity Map correlations (16) . Follow-up experiments confirmed that EAD induces DNA alkylation and inhibits topoisomerase I and II in vitro (16) .
Droxinostat. Droxinostat ( Figure 2 ) was identified from a screen for sensitizers of resistant cells to CH-11 Fas-activating antibody (17) . Through use of the Connectivity Map it was revealed that the transcript profile of droxinostat in the resistant cell line matched the HDAC inhibitors vorinostat and trichostatin A. Through a series of cell-based and in vitro assays, it was determined that droxinostat, which contains a hydroxamic acid moiety like other pan-HDAC inhibitors, is a novel HDAC inhibitor that is selective for HDAC3, HDAC6, and HDAC8 (17) . While other pan-HDAC inhibitors are also able to sensitize resistant cells to Fas-induced apoptosis (18) , HDAC knockout mice studies suggest isoform-selective inhibitors may alleviate undesired toxicity (19−21) .
15-Deoxy-⌬-prostaglandin J 2 (PGJ 2 ). The Connectivity Map has also enabled further mechanistic characterization of molecules in the database itself. 15-Deoxy-⌬-prostaglandin J 2 (PGJ 2 , Figure 2 ), an endogenous antiinflammatory cytokine present in the Connectivity Map (build 02), was found to match the gene expression signature of 3 out of 4 novel small molecules that downregulate HIF2␣ (22) . PGJ 2 was found to inhibit translation of HIF2␣ protein (rather than transcription) through an mTOR-independent manner not affecting global translation. Using luciferase reporter constructs it was discovered that the PGJ 2 -induced decrease of HIF2␣ expression is dependent on a 50 bp segment of the 5=-UTR that contains an iron regulatory element (IRE). Downregulation of the IRE binding iron regulatory protein IRP1, but not IRP2, mitigated PGJ 2 -induced downregulation of HIF2␣ suggesting an IRP1-dependent mechanism (22) . This study illustrates the first example of an endogenous small molecule regulator of HIF2␣ translation and assigns a novel mechanism as to how PGJ 2 elicits an antiinflammatory effect.
Gedunin and Celastrol. A high-throughput cell-based screen identified gedunin and celastrol ( Figure 2 ) as inhibitors of androgen receptor (AR)-activated signaling in prostate cancer (23) . Transcript profiling of these agents and query of the Connectivity Map database yielded strong matches to the heat shock protein 90 (HSP90) inhibitors geldanamycin, 17-dimethylaminogeldanamycin, and 17-allylaminogeldanamycin (23) . As the androgen receptor is a client of HSP90 and inhibition of HSP90 induces AR degradation, gedunin and celastrol may inhibit AR signaling by inhibiting the HSP90 pathway. Consistent with this hypothesis, treatment of LNCaP prostate cancer cells with celastrol and gedunin induced the downregulation of AR and several other HSP90 client proteins (FLT3, EGFR, and BCR-ABL1).
Further experiments showed that while celastrol and gedunin inhibit HSP90 ATP binding activity in cells, they do not compete with the ATP-binding site and are therefore mechanistically distinct from the geldanamycin-based HSP90 inhibitors.
Akt Inhibitor Off-Target Effects. One of the challenges of drug development is the identification of offtarget effects of biologically active small molecules. Inhibition of the Akt pathway is an attractive anticancer strategy for which various compounds have been developed, including SH-5 ( Figure 2 ) and SH-6 (not shown in Figure 2 ), which are competitive inhibitors of phosphatidyl inositol (3,4,5)-trisphosphate (PIP3). PIP3 is an endogenous product of PI3 kinases that activates AKT signaling. The off-target effect of these inhibitors was investigated by Krech and co-workers using human colorectal cancer cell lines in growth media containing 10% FBS (24) . Under these conditions SH-5 and SH-6 were unable to inhibit the AKT pathway but induced the formation of binuclear cells in SW480 cells by inhibiting abscission, the last step of cytokinesis (cell line specific effect). Subjection of the gene transcript profile to Connectivity Map analysis revealed matches to compounds that interfere with PIP2 (resveratrol), Ca 2ϩ (thirodiazine), and Protein Kinase C (PKC) signaling (rottlerin). As PIP2 hydolysis and Ca 2ϩ levels affect the production of diacylglycerol (DAG), a metabolite required for PKC signaling, it was hypothesized that binucleation is related to PKC inhibition. Similar to SH-5 and SH-6, treatment of SW480 cells with resveratrol and rotterlin resulted in the production of the binuclear cells, thus supporting interference of PKC signaling as a cause of the AKT-independent binucleation phenotype induced by SH-5 and SH-6.
Using the Connectivity Map To Identify Compounds That Modulate Physiological or Disease Phenotypes.
Another major challenge in drug discovery is determining which small molecules may be best suited to treat a disease or modulate a physiological phenotype. Using disease-or physiological process-specific signatures as the query, small molecules in the Connectivity Map database that have positive or negative correlations can be readily identified ( Figure 3 ) (9, 10) . Small molecules whose signatures negatively (i.e., anti-) correlate with disease-specific signatures may prove useful in reversing disease-specific phenotypes and aid the rational selection of candidate therapeutics for further investigation. On the other hand, compounds whose signatures positively correlate with phenotype-specific signatures may be able to induce the phenotype (Figure 3 ). Highlighted below are notable examples where this strategy has aided the identification of therapeutic candidates for the treatment of various cancers, and compounds that can modulate other physiological processes, such as hair growth (Figure 4 Hepatocellular Carcinoma Vascular Invasion. The identification of compounds that modulate hepatocellular carcinoma (HCC) vascular invasion was performed using an invasion-specific 73-gene signature obtained from comparing 38 HCC tumors displaying the vascular invasion phenotype to 43 tumors lacking in this phenotype (25) . Input of the 47 up-and 26 downregulated genes into the Connectivity Map identified two small molecules (resveratrol and 17-AAG) with significant anticorrelation to the input signature (p value Ͻ0.05). These agents were able to inhibit the invasive nature of two HCC cell lines HepG2 and PLC/PRF-5 at noncytotoxic concentrations (10 M). Follow-up experiments confirmed that these compounds revert the expression levels of several genes involved in invasion, adhesion, and angiogenesis.
Neuroblastoma. In order to identify candidate therapeutics for neuroblastoma, an integrative meta-analysis of gene copy number was performed using expression profiles of 146 primary neuroblastoma tumors and normal fetal neuroblasts to construct a list of 132 tumorspecific genes (26) . Five of the top six compounds proposed by the Connectivity Map were able to significantly reduce cell viability in five neuroblastoma cell lines; compounds included HSP90 inhibitors (17-AAG and monodern), an HDAC inhibitor (trichostatin A), an mTOR inhibitor (rapamycin), and a phenotriazene (fluphenazine). While the toxicity of these compounds may not be restricted to neuroblastoma, this approach provides a rational basis for the selection of therapeutic candidates for neuroblastoma clinical trials.
Acute Myelogenous Leukemia Stem Cells (AML-SC).
The role of cancer stem cells (CSC) in blood cancers (such as acute myelogenous leukemia, AML) has been well characterized (27) . Selective toxicity against AML stem cells (AML-SCs) has been observed in vitro using parthenolide (PTL) (28, 29) . The ability of this agent to kill AML-SCs has been attributed to its ability to simulta- neously inhibit NF-B signaling and induction of oxidative stress (28). PTL's selective toxicity against AML-SC versus normal hematopoietic stem and progenitor cells served as a tool to identify novel compounds capable of inducing AML-SC death (30) . By obtaining gene expression signatures of CD34ϩ AML cells (isolated from 12 patients) treated with PTL and compared to nontreated cells, a 150-gene signature was used to query the Gene Expression Omnibus (GEO) and Connectivity Map databases for agents inducing similar signatures. In addition to agents known for their anti-AML-SC activity (MG-132 and prostaglandin), celastrol was identified in both database searches, and three other compounds, hemin, HNE, and gedunin, were identified from the GEO database search. Similar to PTL, treatment of CD34ϩ/CD38-AML cells with celastrol and HNE gave selective toxicity at the bulk, progenitor, and stem cell levels versus CD34ϩ/CD38Ϫ normal bone marrow cell, normal myeloid, and erythroid cell populations. These agents were shown to simultaneously inhibit NF-B and induce Nrf2-oxidative stress response. This study further enforced the link between simultaneous NF-B and oxidative stress induction for efficacy against AML-SCs and identified two novel agents (celastrol and HNE) that exhibit toxicity toward AML-SCs.
Colorectal Cancer with Microsatellite Instability. Microsatellite instability may be a suitable marker to categorize colorectal cancers, as approximately 15% of sporadic colorectal cancers have high frequency instability (31, 32) and exhibit differential sensitivity to chemotherapy (33, 34) . By analyzing the signature of 38 microsatellite stability (MSS) and 13 high frequency microsatellite instability (MSI-H) tumors, a list of 71 probes were found to be differentially expressed between the two groups (35) . This signature was used to query the Connectivity Map, and inhibitors of HDAC, HSP90, and PI3K-mTOR populated the best hit compounds that exhibited anticorrelation to the input signature (35) . Subsequent toxicity experiments identified the mTOR inhibitors, rapamycin and LY-294002, to exhibit selective toxicity (4-fold and 1.5-fold, respectively) toward MSI-H cell lines versus MSS cell lines in culture, while the HDAC and HSP90 inhibitors did not demonstrate selective toxicity. This approach identified MSI-H colorectal cancers as more sensitive to the effects of mTOR inhibition than MSS colorectal cancers, warranting further investigation of the link between the microsatellite instability phenotype and the PI3K pathway.
Aggressive Lung Adenocarcinoma. Many adenocarcinomas are treated identically even though they exhibit a high degree of morphological and clinical diversity (36) . In a study by Ebi and co-workers, gene set enrichment analysis (GSEA) was performed on transcript profile data from two different studies that categorized lung carcinoma based on patient postsurgical survival rates (37) . Statistically significant gene sets were identified that correlated with fatal outcome, which included a gene set downregulated by rapamycin (an mTOR inhibitor) and those associated with glucose, leucine and glutamine metabolism, processes that are also regulated by the mTOR/PI3K pathway. The Connectivity Map database was queried and revealed several compounds that target the mTOR and PI3K pathway as those that would be able to negatively regulate genes specific to poor prognosis. While several PI3K inhibitors and the mTOR inhibitor rapamycin were active against adenocarcinoma in toxicity assays, a particular PI3K inhibitor, PI-103, was found to exhibit toxicity that correlated with cumulative deregulation scores across the various cell lines investigated in culture. This further supported a functionally relevant connection between adenocarcinoma and the PI3K/mTOR pathway. Transcript profiling of treated cells confirmed PI3K inhibitors were able to revert the GSEA derived signature associated with poor prognosis.
Glucocorticoid Resistance. The efficacy of dexamethasone, a glucocorticoid used for the treatment of acute lymphoblastic leukemia (ALL) in children, is compromised by resistance (38) . A gene expression signature associated with dexamethasone resistance was obtained by comparing bone-marrow leukemia cells from patients that exhibit resistance to those derived from dexamethasone sensitive patients (39) . Using this signature to query the Connectivity Map led to the identification of the mTOR inhibitor rapamycin as an agent capable of reverting resistance in cell culture assays using the dexamethasone-resistant CEM-cl lymphoid cell line (39) . This sensitization was dependent on mTOR inhibition and is thought to be mediated by downregulation of the antiapoptotic protein, MCL1. The Connectivity Map thus helped to identify rapamycin as a therapeutic candidate for clinical evaluation in dexamethasoneresistant ALL patients.
Hair Growth Modulators. Although the Connectivity Map database has been primarily used in the field of cancer, it has also been useful in the identification of compounds that can influence normal physiological processes unrelated to cancer. The discovery of novel hairgrowth inducers by Ishimatsu-Tsuji and co-workers utilized the day 2 and day 4 gene expression signature of mouse dorsal skin cells treated topically with cyclosporine A, a known inducer of hair growth (40) . Using the 2 day signature to query the Connectivity Map, fluphenazine was identified as agent that induced hair growth upon topical application. Iloprost, a compound that matched the 4 day signature, was discovered to enhance fluphenazine-induced hair growth. This study demonstrated how investigating different phases of a physiological process may be used to identify phasespecific small molecule modulators.
Use of RNAi Screens To Aid the Identification of Mechanism of Action.
One of the fruits of the genomic age has been the development of powerful genetic techniques that enable interrogation of protein function. Genome-wide, pathway-focused (targeting apoptosis, kinases, and phosphatases), and custom made-to-order RNAi libraries are commercially available in siRNA and shRNA formats. Whereas siRNA elicits short-term knockdown (2Ϫ5 days) and delivery is limited to cell types that may be easily transfected, shRNA libraries may be transduced (using viral particles) into cell types that are difficult to transfect, enable stable knockdown, and facilitate screens of longer duration.
Commercial RNAi libraries are available in pooled or well formats. The experimental setups for pool-and wellbased experiments are illustrated in Figure 5 ; these experiments can implicate a protein in mediating the effect of a compound. For example, the cells transfected/ transduced with the interfering RNA can be treated with an anticancer compound at a concentration known to give quantitative cell death. Any surviving cells, therefore, must have an mRNA knocked down that was important in the cell death induced by the compound.
Well-based experiments may require high-throughput screening intensive methods (depending on the library size), are typically more costly, but allow more freedom in the phenotype being investigated and are suited to both positive and negative selection screens. A variety of read-outs may be employed, including high-content imaging, flow cytometry, ELISA, and cell viability assays ( Figure 5B ). As an alternative to plate-based assays, well-format libraries may be printed onto microarrays upon which adherent cells may be grown, and results observed using high content imaging techniques. In comparison to well-format RNAi, pooled-libraries are more cost-effective and screens can often be performed by a single researcher; however, the phenotypes that may be investigated are limited. In addition, the experimental protocol employed in pooled-library toxicity screens may bias them toward positive selection, although negative selection screens are possible if conditions are optimized (41) .
Pooled shRNA screens require transduction of cells such that the shRNA multiplicity of infection (MOI) is less than 1. The cells are split into two pools, and one is treated with vehicle while the other is treated with the small molecule ( Figure 5A ). For screens involving toxic molecules, selection is typically performed over 2Ϫ3 weeks. The total genomic RNA is isolated, the shRNA constructs are amplified by PCR, and the half-hairpin sequences are then hybridized to cDNA microarrays. By comparing the levels of shRNA constructs in treated versus nontreated cells, it is possible to identify shRNAs that are enriched (positive selection) or depleted (negative selection) as a result of small molecule treatment ( Figure 5A ).
While genome-wide RNAi libraries may allow a systematic and unbiased approach to interrogating cell biology, there are pitfalls associated with RNAi such as lack of target-specificity and knock-down efficiency, which ultimately lead to false positives and false negatives, respectively. Both pooled and well-based libraries typically contain multiple constructs targeting the same gene, increasing the likelihood that a protein will be effectively targeted; this redundancy also helps discern likely true-positives from false-positives arising from offtarget effects. Furthermore, as shRNA/siRNA constructs continue to be validated for knockdown efficacy, revised construct design will continue to improve the quality of RNAi libraries. Despite this, it is not always clear if mRNA knockdown is sufficient to modulate the cellular level of a protein such that its function is affected. Protein longevity, expression levels, and contribution to functional pathways in a particular cell line are factors that affect the success of RNAi-based experiments.
Despite these limitations, the use of RNAi libraries may significantly aid investigations of the mechanism of small molecules. As described below, several proofof-principle studies have investigated compounds with known modes of action using RNAi screens. A particular appeal of this technique is the ability to identify key proteins that are the compound's direct target, or regula- tors of the target. Evidence suggests that upstream proteins are more likely to be identified, as proteins considerably downstream of the direct target may be unable confer long-term survival, especially given that selections are performed over 2Ϫ3 weeks. Of course, if a protein's downregulation itself induces toxicity, this may preclude its identification as a small molecule target. A list of such proteins that may elude identification may be inferred from the study by Luo and co-workers, which identified 268 essential genes common to 12 cell lines (41) . These genes were enriched for pathways involving ribosomal proteins, mRNA processing and splicing, translation factors and proteasome degradation (41) .
Etoposide. The ability of whole genome pooled shRNA barcode screens to reveal the molecular target of the small molecule etoposide (Figure 6 ) was demonstrated by Luo and co-workers using a 45,000 shRNA library that targeted 9,500 genes (41). H82 small-cell lung cancer cells were transduced with the shRNA library and treated with 1.7 M etoposide for 3 weeks (10 independent transductions and treatments). This dose of etoposide was sufficient to kill Ͼ99% of treated cells within 7 days. PCR amplification of the shRNA constructs of surviving cells versus control untreated cells revealed 3 of the 5 shRNA constructs targeting topoisomerase II, the known target of etoposide, with Ͼ40-fold enrichment.
Gleevec. A positive selection screen (similar to etoposide) for gleevec-treated K562 cells transduced with a shRNA library was performed over 21 days by Luo and co-workers (41) . A dose of 125 nM gleevec ( Figure 6 ) was used, which was sufficient to kill Ͼ90% of the treated cells within the first 7 days of treatment. BcrAbl, the known target of gleevec, is essential for the survival of K562 cells and thus precluded its identification through this positive selective screen. PTPN1 was one of the genes identified to confer resistance. Encouragingly, this gene was also identified in a shRNA screen to identify genes that confer survival to Bcr-Abl RNAi in K562 cells (41) . PTPN1 is a negative regulator of Bcr-Abl, and shRNAs targeted against PTPN1 were able to increase phosphorylation of Bcr-Abl thus conferring resistance to gleevec. The shRNA screen thus identified a Bcr-Abl negative regulator that is involved in gleevecinduced cell death.
Fas-Activating Antibody (Fas-Ab). The identification of proteins involved in Fas-Ab induced Jurkat T cell death using a pooled whole genome shRNA positive selection screen was also performed by Luo and co-workers (41) . The knockdown of FAS, FADD, and CASP8 genes were found to confer resistance to Fas-Ab. Fas, FADD, and caspase 8 form the death-inducing signaling complex (DISC) that is critical to initiating the extrinsic apoptotic pathway upon binding of Fas-Ab to the Fas receptor. Two novel genes, ARID1A and CBX1, were also identified in this screen whose knockdown prevented caspase-8 activation thus identifying their role upstream of caspase-8 activation in Fas-Ab induced apoptosis. In a separate study, Tsujji and co-workers identified CASP8, BID, and FAS as genes whose knockdown prevented Fas-Ab mediated cell death in the D98/AH2 (derived from HeLa) cell line (42) . The inability to identify FADD in this study may be due to technical differences in the experiment/RNAi library or cell line-specific effects.
Nultin-3. In order to identify genes that play a role in nutlin-3 mediated cell death, a barcode pooled shRNA screen was conducted in MCF-7 (wild-type p53) breast cancer cells (43) . Nutlin-3 ( Figure 6 ) is a small molecule inhibitor of the MDM2-p53 proteinϪprotein interaction. MDM2 binding to p53 inhibits p53-dependent apoptosis by suppressing transcriptional activation of p53 in response to DNA damage, exporting p53 out of the nuclease and targeting p53 for proteasomal degradation due to E3 ligase activity of MDM2. The shRNA screen was performed by treating cells with Nutlin-3 for 14 days at a concentration of 4 M, sufficient to induce cell cycle arrest without inducing apoptosis. Despite the use of nontoxic concentrations of nutlin-3, shRNAs that enabled cell proliferation would be amplified under these conditions. Several proteins involved in the p53 pathway were identified which included p53 itself, a p53 binding protein (53BP1), and a MDM2 target known to be a transcriptional activator of p53 (hnRNPK). Further shRNA experiments determined that p53BP1 enables p53 transcriptional activity but does not affect induction of p53 protein. As 53BP1 is a component of the ATM-CHK-53BP1 pathway that induces p53 upon activation by DNA double strand breaks, it may explain why cancer cells are more susceptible to nutlin-3 as normal fibroblast cells exhibited considerably less 53BP1-containing nuclear foci than MCF-7 breast cancer cells. These data suggest that combination of nutlin-3 with DNA damaging anticancer agents should be avoided as this may result in undesired toxicity toward normal cells.
Gemcitabine Combination Therapy. In addition to mechanism elucidation, RNAi libraries may aid the identification of effective combination therapies. Gemcitabine ( Figure 6 ), a nucleoside analogue that replaces cytidine during DNA replication and prevents the attachment of other nucleosides, is commonly used for the treatment of pancreatic cancer. Using the wellformat Qiagen kinase siRNA library (2 siRNA constructs per kinase targeting 572 kinases), a screen was performed to identify kinases whose knockdown would potentiate gemcitabine toxicity in the MIA PaCa-2 pancreatic cancer cell line (44) . Although several kinases were identified that modestly increased toxicity, two siRNA constructs targeting CHK1 were identified that were able to sensitize cells to gemcitabine by Ͼ10-fold. Using the small molecule inhibitors of CHK-1, SB 218078 and PD 407824, a 2.6-and 3.5-fold potentiation of gemcitabine was observed, respectively. CHK1, a protein kinase that was known to be activated upon DNA damage by gemcitabine, serves to induce cell cycle arrest and allow DNA repair, and inhibition of CHK1 induces apoptosis by preventing DNA repair. The fact that CHK2 did not potentiate gemcitabine suggests that CHK2, unlike CHK1, is not involved in gemcitabine-induced DNA damage response and sheds further light on the mechanism of gemcitabine and functional differences between CHK kinases.
Carboplatin Resistance. Apart from investigating the mechanism and potential therapeutic combination strategies, RNAi screens have aided the identification of mechanisms of resistance to the effects of small molecules. The resistance of ovarian cancer cell lines to carboplatin ( Figure 6 ) was investigated in a siRNA screen targeting 90 genes associated with resistance to carboplatin/paclitaxel combination therapy (45) . The candidate genes composed of 39 genes enriched (Ͼ2-fold) in postchemotherapy tumors versus primary tumors and 51 genes enriched (Ͼ2-fold) postchemotherapy versus primary chemoresistant tumors. The screen identified the ENPP2 gene, which encodes for autotoxin, a protein with lysophospholipase D activity, as a contributor to carboplatin resistance. Autotaxin produces the prosurvival factors, lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P). Experiments using siRNA and a chemical inhibitor confirmed autotoxin inhibition accelerates carboplatin-induced apoptosis in ovarian cancer cells thus supporting the role of autotaxin in conferring resistance to carboplatin.
ABT-737 Resistance. ABT-737 ( Figure 6 ), a potent inhibitor of the antiapoptotic proteins Bcl-2, Bcl-X L , and Bcl-w has demonstrated toxicity against small-cell lung carcinomas (SCLC) in culture and preclinical models (46) . Some SCLC cell lines and cell lines derived from other cancers are, however, resistant to the effects of ABT-737 (46) . To identify the mechanism of ABT-737 resistance, Lin and co-workers conducted a well-format siRNA screen against 4000 druggable genes using the NCI-H196 SCLC derived cell line (47) . RNAi against FG-FR2, TNFRSF13B, and PRDM13 were initially identified to confer sensitivity; however, testing of multiple constructs against these genes revealed the effects to be off-target as no correlation was observed between sensitivity to ABT-737 and the level of target gene knockdown (47) . One of the major contributions to off-target effects arises from the complementation of nucleotides 2Ϫ8 of the antisense siRNA strand, otherwise known as the "seed" region, and the 3= UTR of unintended targets (48, 49) . A BLAST analysis of the seed regions of effective FGFR2, TNFRSF13B, and PRDM13 siRNA constructs suggested an overwhelmingly large number (343) of possible off-targets. However from this list, a particular Bcl-2 antiapoptotic protein, Mcl-1 was identified, which had been implicated in conferring resistance to ABT-737 in other studies. Mcl-1 is a Bcl-2 family member protein that is not susceptible to inhibition by ABT-737. Further experiments confirmed that the effective siRNAs of FGFR2, TNFRSF13B, and PRDM13 induced offtarget silencing of Mcl-1, and siRNAs against Mcl-1 were able to confer sensitivity to ABT-737. This study exemplifies one of the pitfalls associated with RNAi-based screening and emphasizes the necessity of thorough experimental validation of candidate "hit" genes.
Outlook. Pattern matching of small molecule transcript profiles to databases such as the Connectivity Map, which contain profiles of biologically characterized small molecules, is a powerful tool in mode-ofaction studies. In addition to its utility in target identification, the Connectivity Map serves as a convenient platform to connect diverse disease or physiological processes to small molecules. The examples highlighted in this Review suggest that a single small molecule may be capable of affecting diverse pathways and thus find applications in multiple biological contexts. It is important to note that although the Connectivity Map database contains data from a handful of cancer cell lines, it has proven useful in connecting small molecules to physiological processes and cancers whose cell types are not present in the database. As future versions will incorporate more compounds and transcript profiles obtained from RNAi experiments, the database will strengthen our ability to connect small molecules, diseases, and genes. The ease of transcript profiling and the vast amount of data generated from each experiment are considerable strengths of this technique.
While the Connectivity Map may aid mechanism identification when there are compounds of similar mechanism in the database, it may not be able to address biologically active molecules with unprecedented mechanisms. Several proof-of-principle studies using compounds with known mechanisms have demonstrated that genome-wide shRNA screens are capable of identifying direct targets or upstream proteins involved in the mechanism. Thus, the use of this technology holds considerable promise in aiding characterization of novel small molecules with unknown mechanisms. In addition, RNAi screens may aid the identification of combination therapeutics and resistance mechanisms. The use of the genome expression and genome-wide shRNA screens compliment traditional target identification techniques and are likely to significantly expedite mechanism elucidation and the applications of small molecules in medicinal chemistry and chemical biology.
